In-line control of pH has been experimentally demonstrated using a heuristic model within the controller structure.
Introduction Heuristic Modeling
Among control challenges, pH neutralization is notorious for its severe nonlinearity. This is reflected in the titration curve, the steady-state pII response to the reagent addition, as an 'S' shaped curve with process gain changes of up to lo4 to 1 over very small regions. These changes are usually most severe near a pH of 7, typically the neutralization setpoint.
Wastewater neutralization is one of the most common and the most difficult control applications due to the multicomponent, buffered nature of the system whose composition is unknown and nonstationary . Consequently, industrial pH control processes traditionally make use of iarge mixers to dampen transients [1, 2] .
Developing process models that can identify the titration curve and can adapt to any changes in the process conditions, and designing nonlinear controllers that use the nonlinear process model explicitly, are key to nonlinear process control of pH. Several researchers have made significant progress in developing model-based controllers [3, 4, 5, 6, 7] for the traditional large mixer processes.
However, an inline approach to pH neutralization has been developed [8] which can avoid the costs associated with large mixers. It is based on adding reagent in two or more separate portions which partially reveals the process titration curve on-line, which allows the controller to track the nonstationary, nonlinear character of the process. In prior work [9, 10, 11] , the controller used a phenemenological process model.
A typical acid influent would have a titration curve of the nature shown in Figure 1 . A titration curve is the steadystate relationship of process response to manipulated action. From the figure, we define s, as the slope between points 1 and2.
Similarly, s2 is defined as,
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where, R, is the ratio of F, , , / F, , , , , , corresponding to the lst base addition (80%) while R, is the ratio of F,,,,/FwW, corresponding to lSt+2" base additions (100%). pH,, pH,, pH, are the pH-measurementvalues. As can be seen from the figure, the pH, value is not yet equal to 7. Since the objective is to maintain the pH of the acid at 7, in a primitive approach we can project s, up to pH=7 to give the new desired steady-state value of R,. 
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Rearranging,
In this paper, in-line pH control is demonstrated wherein Lw = . + (7-PH3 I s 2 the controller uses an operator's heuristic approach, encoded in a simple if-then format.
The basic control law then becomes,
Experimental Apparatus
Rzncw=RLdd+4
(5)
The experimental pH neutralizer consists of a dual-reagent injection strategy in which the total reagent flow is split into two streams and injected sequentially into the process wastewater line. Flow rates are controlled by a gear-type metering pumps. The total neutralizing reagent flow is split into 80% and 20% portions and injected sequentially
There are some problems associated with this simple approach. First, when a change of A R~ is made, the influence is not measured instantaneously. Equation ( Third, either because of the characteristic nature of an acid or a ramp type of disturbance, the offset may persist on one side of the pH setpoint. If this offset persists, more aggressive action is called for. Here the symbol 6 is the AR, multiplier that will account for the extra aggressive action to be used. The value of 6 is decided based on the number of samplings for which an offset persists without crossing pH,,. Define "sum" as the number of samples when pH, is continuously on one side of pH,,. Defiie, RN = sum * f, where RN is the number of transients for which an offset has persisted. The functionality of 0 with RN is as given in Figure 4 .
Thus, the control law now becomes, Thus we can write this equation as, where.
Fourth, there exists a possibility that pH3 may be very much lower than pH,, (in case of a major disturbance). In such an event, an even more aggressive action is called for. We will ignore the above phenomenological arguments and simply increase R, by lo%, if pH, < 5, Fifth, there also exists a possibility that pH, may be very high. In that case we decrease the value of R2 by lo%, if pH2>8,
&=%ld-O%Od

(11)
We now have three different control laws. For normal operation (pH2<8 and pH3>5), use Equation (9). If pH2>8, use Equation (11) . If pH3<5, use Equation (10). However, it is possible to combine all three equations to give a general equation of the type, where U = (7-pH3)a6 /s2 if pH3 > 5 and pH, < 8 otherwise, u = l . Further, 6=0.1 RZold when pH3<5 otherwise, 6=1.
And, E =-O. 1 RZold when pH, > 8 otherwise, E = 1.
Sixth and finally, we introduce another parameter, y,which we will call the operator's tuning parameter. Thus, the complete heuristic-model-based control law would be Figure 4 shows a typical control result. Up to 180 secs, the influent was a strong acid (oxalic) which is characterized by a low inlet pH and a high gain at neutrality. At about 180 secs, the influent was switched to a buffered mixture which is characterized by a high inlet pH and a low gain at neutrality. At about 460 secs, the influent is switched back to the strong acid. The controller does a fair job at keeping the pH at the setpoint when the system is subjected to the disturbances. The change in the gain at neutrality is indicated by the change in the pH3 -pH, value when a change is made in type and concentration of the influent.
Control Results
The reagent flow rate (.02N) is illustrated in Figure 5 . Figure 6 illustrates a counter-intuitive change. Up to 170 secs, the influent was a weak acid (acetic) which is characterized by a moderate gain at neutrality and a high inlet pH. At 170 secs, the influent was switched to a multiprotic strong acid (phosphoric) which has a very low gain at neutrality. Since the inlet pH decreased, it would imply a more concentrated acid which would require a base increase. Yet as seen in Figure 7 , the base flow rate decreased. This is because the weak acid (having a higher inlet pH) had a higher concentration than the strong acid (having a lower inlet pH). A ratio or a feedforward controller would have taken an opposite control action from that required. On the other hand the heuristic-model-based controller tracks the changes in the pH and also changes the reagent flow rate correctly and in the right direction. At about 450 secs, the influent pH is switched back to the concentrated weak acid. Figure 8 illustrates, perhaps, the most extreme type of change possible. Up to 185 secs, the influent is a dilute strong acid (sulfuric) which is characterized by a low inlet pH and a very high gain at neutrality. At 185 secs, the influent was switched to a concentrated multiprotic strong acid (phosphoric) characterized by a slightly higher inlet pH and an extremely low gain at neutrality. At about 470 secs the influent was switched back to the dilute strong acid. The difference between pH, and pH, is indicative of the system gain. The reagent flow rate (shown in Figure  9 ) increases in such a way that the pH, value hardly deviates from the setpoint pH=7. However, when the 2"* change is made back to the dilute strong acid, a pH excursion results due to the fact that the base flow rate decreases slightly more than it should have. The controller immediately "realizes" the overcompensation and increases the base flow rate to the desired value.
All the above experiments above were performed with acidic influents. Now we will use the same controller to test the possibility of neutralizing basic influents. Figure 10 shows the control result for a ramp-change. The ramp change is made from a concentrated buffered mixture to a dilute strong base (counter-intuitive). The base flow rate ( Figure 11) shows that the buffered mixture is more than twice concentrated than the dilute strong base. Inspite of the extreme nature of the change the controller maintains the pH of the effluent mixture well within standard discharge limits of 6 to 8.
The controller has been installed at the Heating and Cooling Plant #I at Texas Tech University, to withdraw wastewater from the waste pit during the regeneration of the ion-exchange system. Figure 12 shows that the controller works in an industrial setting. It recovered quickly from unplanned upsets (which required about a 50% change in manipulated variable, Figure 13 ) and was also able to make setpoint changes.
Conclusions
A simple expert system controller has been demonstrated for in-line control of pH for a wide range of disturbances which were contrived to be as extreme as possible. Except for short term violations for step upsets, the pH was maintained within the usual 6-9 pH discharge limits. 
